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INTRODUCTION
The Idaho Chemical Processing Plant (ICPP), located at the Idaho National Engineering Laboratory, formerly reprocessed spent nuclear he1 to recovery uranium. Fuel elements were completely dissolved with nitric and hydrofluoric acids in the headend process. Uranium was recovered fiom the acidic dissolver product in PUREXREDOX type processes. After uranium recovery, the liquid rffiates were temporarily stored and ultimately calcined into a solid, granular material. Equipment cleanup and decontamination between reprocessing campaigns was performed with solutions typically high in sodium. This secondary decontamination waste, or sodium-bearing waste (SBW), is temporarily stored in the tank farm. The SBW cannot be calcined directly due to bed agglomeration associated with sodium nitrate. Historically, SBW was blended with first cycle rafhates and calcined. As of 1994, all stored reprocessing raflhates were calcined, eliminating the blending option to deplete SBW inventories. Currently, there are approximately 5.6 million liters of SBW stored in tanks at the ICPP. Several technologies are currently being evaluated for the treatment and final disposition of all SBW inventories [ 11. These technologies include: blending w i t h nonradioactive chemicals, essentially ddutiig sodium, and calcination of the liquid; radionuclide partitioning and immobilization of the resulting high activity (HAW) and low activity (L.AW) waste streams; and, numerous pretreatment options to remove sodium, concentrate the liquid, or remove nitrate followed by direct calcination.
The major emphasis at the ICPP directed toward actinide removal fkom SBW is the evaluation of the -uranic =traction (TRWX) extraction process developed by HonvitZ and coworkers at Argonne National Laboratory [Z]. The active extractant in the TRUEX process is octyl(phenyl)-N,N-diisobutyl-carbamoylmethylphosphine oxide (CMPO). Tributylphosphate (TBP) is added to the solvent as a phase modifier, to prevent third phase formation, with a paraf)tinic hydrocarbon used as the diluent. The process has been effectively used to remove actinides fiom acidic simulants and real wastes to well below the 10 nCig NRC Class A transuranic waste requirements. Typical solvent extraction tests have used batch contacts or small-scale continuous countercurrent extractions to evaluate the efficiency of the TRUEX process. Large scale application, as of yet, has not been realized. However, the TRUEX process has received the attention of virtually every country with nuclear processing capabilities. The results presented in Table 1 are directly relevant to the results subsequently presented regarding this study. First, the experimental flowsheets used to generate the data in Table 1 incorporated a series of batch contacts performed in a Virtually identical manner to the one used in the second experiment (vide infia, refer to Figure 2) . However, the organic phase in the tracer tests was pre-equilibrated with unspiked SBW simulant to load the solvent with all extractable matrix components prior to the extractions with radionuclide spiked feed. Thus, the distribution coefficients listed in Table 1 accurately approximate true equilibrium distribution for the given species. Since the TRUEX solvent was pre-equilibrated with nitric acid in the following tests, the resulting distribution coefficients may be slightly different from those listed in Table 1 . Secondly, the distributions listed in Table 1 were based on the direct analysis of both the organic and aqueous rafhates fiom a specified contact, an option that was not available in the tests with samples of WM-185 waste. Thus, a reasonable comparison between the data obtained in this study with that in Table 1 provides some certainty in the experimental and analytical procedures used with the real waste, as well as an indication that the simulated waste is an appropriate surrogate for actual SBW.
The purpose of the stripping contacts with the different reagents was simply to evaluate the efficiency for back-extracting each of the listed species with the various strip solutions. Of the reagents tested, thermally unstable complexants (TUCS) [6] were the only class of compounds which provide gross metal stripping from the organic phase. TUCS compounds are organic derivatives of diphosphonic acid which, as the name implies, can be thermally degraded to CO, and phosphoric acid. The specific TUCS reagent used in this study was l-hydroxyethyl-1,l-diphosphonic acid (HEDPA). While the TUCS reagent is particularly effective for stripping actinides fiom the loaded T R m X solvent, the phosphorus has a deleterious effect on glass waste forms, which typically can withstand phosphorus loading only in the 1 -3 wtY0 range.
Consequently, phosphorus content resulting in the TUCS strip can have a significant impact on the final volume of HLW glass produced [7] . However, it is known that the concentration of the TUCS solution used in this study, 0.25 M, can be substantially reduced, to about 0.04 M, without measurable impact on the stripping behavior [4] . The phosphate in the HAW stream may still be too high, even with the reduced TUCS concentration; therefore, alternatives to TUCS strip solutions are currently under investigation.
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EXPERIMENTAL
Reagents
The active extractant in the TRWX solvent, CMPO >97% pure fiom E l f Atochem 
Contacting Methodology
SBW samples taken fiom tank WM-185 were used as the feed in the extraction experiments. The waste was vacuum filtered through 0.2 pm cellulose nitrate filters prior to the TRUEX contacts. Two test scenarios were performed. Test one used three contacts on a single aliquot of WM-185 waste, fiesh, pre-equilibrated organic solvent being used in each contact. The primary purpose of these contacts was to determine distribution coefficients for the forward extraction of the isotopes of interest and to allow elucidation of decontamination factors. Scrubbing and oxalate strips of the loaded organic fiom the first extraction contact were also tested, The second test scenario consisted of a single aliquot of TRUEX solvent contacted two successive times with fiesh aliquots of SBW fiom WM-185. The organic phase fiom the second extraction contact was thereby heavily loaded with the extractable species in the aqueous feed. This loaded organic solvent was then stripped and washed w i t h the appropriate aqueous solutions in a series of batch contacts. This test scenario allowed the determination of extraction, scrubbing, and stripping distribution coefficients under conditions of heavily loaded solvents.
The TRUEX solvent used in both tests was pre-equilibrated with 1.5 M HNO, prior to contact with the WM-185 waste to load the solvent with equilibrium concentrations of nitric acid. Pre-equilibration of the solvent was performed by contacting a given volume of the solvent thrice with an equal volume of fiesh nitric acid solution (1.5 M HNO,). The pre-equilibrations were performed outside the hot cell in a 500 n L separatory b e l with mixing accomplished by hand shaking for 3 to 5 minutes. Phase disengagement was performed by allowing the phases to stand and segregate only under the influence of gravity for no less than 30 minutes.
The batch contacts with feed solutions fiom tank WM-185 were performed in the Remote Analytical Laboratory (RAL). This waste solution is far too radioactive to be handled directly; therefore, the experiments had to be designed to perform many operations remotely in the hot cell at the RAL via manipulators. AU contacts, with a single exception, were performed at an organic-to-aqueous phase ratio of unity (O/A = 1). Volumes of WM-185 waste and TRUEX solvent were measured using graduated cylinders. The measured organic and aqueous phases were poured into a polyethylene bottle, which was then capped and shaken with the manipulator for three minutes to provide efficient contacting of the two phases. The contents were then poured into a clean glass separatory funnel. The phases were allowed to gravity separate for five to fifteen minutes to effect phase disengagement. Samples of the aqueous phase were taken for analysis and the appropriate phase was transferred to the next contact. AU labware was used only once to prevent cross contamination from occurring during the various contacts. The interface region, consisting of 2 to 5 ml, was always discarded to fixther inhibit crosscontamination between phases. Samples taken for analysis were stored in glass bottles to prevent degradation of the sample container, decreasing the potential for contamination.
Distribution Coefficients
The primary measure used to evaluate the effectiveness of the solvent to partition various species from the aqueous feed is the distribution coefficient, defined as:
where [XI is the concentration of the species of interest in the respective organic or aqueous phase. Note that the larger the D value, the more material transferred to the organic phase.
Conversely, the smaller the distribution coefficient, the greater the amount of the particular species in the aqueous phase. Large distributions are desirable in the extraction and scrub steps for the species of interest, such as the actinides, indicating these species favor the organic phase.
Small distribution coefficients (Dx << 1) are desirable in the strip contacts, indicating the species is readily removed from the organic phase.
Compositions of the organic phase could not be directly determined with current ICPP analytical methods and were determined indirectly by material balances. Equation (2) can be rewritten using material balances and assuming equal organic and aqueous volumes:
where [Xlasucou is the analytically determined equilibrium concentration of component X in the aqueous raEnate from a given contact. The [XIi, term is the concentration of species X in the organic phase calculated fiom the previous contact. This use of material balances oRen results in significant errors since even small analytical errors in the aqueous phase analyses are propagated for all subsequently calculated organic phase compositions. Furthermore, experimental errors, associated primarily with volume measurements in graduated cylinders, can be significantly amplified by this methodology.
Characterization of WM-185 Waste
Samples of sodium bearing waste from tank WM-185 were submitted for analysis to characterize the "feed" composition and the results are listed in Table 2 . These compositions were used in evaluating all distribution data associated w i t h the discussed experiments. It is apparent fiom Table 2 that major matrix constituents are sodium, nitrate and acid. Rather large quantities of aluminum and potassium are also present. The only inert matrix components anticipated to be extracted by the TRUEX solvent were zirconiq iron, and mercury. Note that all non-radioactive elements are in great excess relative to the radioactive constituents. The individual concentrations of I3'Cs, 90Sr and combined concentration of -lo9 M and are extremely small on a mass basis. Most of the alpha radioactivity in WM-185 is associated w i t h Pu and Am. Uranium, although present on a much larger mass basis, contributes less to the o! radioactivity than Pu or Am. A small amount of neptunium is also present.
and =%I are only 'Analyses include contributions fiom both the stable and radioactive isotopes. Below the analytical detection limit..
RESULTS AND DISCUSSION
Waste Decontamination Experiment
The series of batch contacts used in this experiment are depicted schematically in the experimental flowsheet shown in Figure 1 . A single aliquot of SBW fiom tank WM-185 was contacted three successive times with equal volumes of fiesh, pre-equilibrated TRUEX solvent.
This contacting methodology provides an estimate of the decontamination factors OF'S) that can be anticipated with the TRUEWSBW system. The organic raffhate fiom the first extraction, the most heavily loaded organic phase from the extractions, was scrubbed three consecutive times The results fkom this experimental flowsheet are presented in Table 3 as distribution coefficients for the major components extracted fkom the feed. Analyses were performed for those elements known to extract significantly into the TRUEX solvent, which include the actinides, zirconium, iron and mercury. Chromium and cadmium extraction was also monitored. The results indicated that detectable amounts of Cr and Cd were not extracted fiom the feed by the TRUEX solvent. for the first strip contact are prone to a great deal of uncertainty due to precipitate
It is important to note that physical abnormalities such as third phase formation, precipitates, or interfacial crud were not observed in any of the extraction or scrub contacts. Such physical problems typically have deleterious effects on process performance in countercunrent processing equipment and are therefore undesirable. A white precipitate formed in the first strip contact with ammonium oxalate (Stl), which settled to the bottom of the aqueous phase. This solid was not isolated for analysis, but was transferred to the sample vial with the aqueous phase. The formation of such precipitates during dilute oxalate strips (with either ammonium oxalate or oxalic acid) have been consistently observed in TRUEX testing of simulated SBW [3] . The exact structure of the precipitate was never identified; however, elemental analysis verified the presence of zirconium and the precipitate is suspected to be a species of zirconiw oxalate, perhaps even a polymeric form. The subsequent batch contacts indicated in Figure 1 (St2, St3, W1 and W2) were notperfomzed due to the precipitate formation. Furthermore, the distribution coefficients reported for Stl in Table 3 are suspect to a great deal of uncertainty due to material losses associated with entrainment in the solid phase.
This series of batch extraction contacts indicated efficient removal of the actinides and decontamination of the SBW samples from tank WM-185. The waste initially contained a gross a activity of 3.14E+04 dps/mL and the residual gross a activity in the aqueous r&ate from the third extraction contact was only 1.56 dps/ml. The resulting gross a decontamination factor was DF -20,000 after three batch contacts. This corresponds to 99.995% removal of alpha activity fiom the feed. Much of the a activity in tank WM-185 waste is attributed to =8Pu and u?Pu. The plutonium distribution coefficients are quit high for the first extraction and these isotopes were virtually undetectable in the aqueous rafhate from the first extraction contact.
Consequently, the Pu distributions are meaningless for the E2 and E3. The distribution coefficients for each of the actinides decreased substantially with the successive extraction contacts. This downward trend is attributed to the low activity in the aqueous raf€inate fiom the first extraction, i.e., the actinide concentrations were approaching analytical detection limits. The distributions for the first contact, El, are the only ones truly representative of equilibrium distributions. The americium distribution in El, of 44 is in favorable agreement with expected values of -30. Neptunium, in the favored +5 oxidation state, is particularly d8icult to extract with the TRUEX solvent. Consequently, the neptunium distribution of 65 for the first extraction contact was surprisingly high. This behavior may be attributed to Np oxidation state partitioning between Np(V), N p O , andor N p o , the later two species being much more extractable in the TRUEX process. The Np oxidation state must be verified in future testing to support this postulate.
The organic rafkate from the first extraction was scrubbed in three successive contacts with fresh aliquots of 0.2 HNO, to reduce acidity and scrub Fe and Zr from the organic prior to stripping the actinides. The distribution coefficients for each of the actinides were much greater than one for each scrub contact, indicating these species indeed remained in the organic phase, which is the desired effect. The distribution coefficient for americium, the easiest of the actinides to remove from the organic, was D, = 3.9 in the third scrub contact, which is sufficient to insure very little Am would be returned to the extraction section in a countercurrent process.
Zirconium concentrations were below the analytical detection limits in the aqueous rafIinate from the extraction contacts and for the first scrub contact, indicating Zr was quantitatively extracted from the feed in the first extraction. Unpublished data obtained with simulated SBW and "Zr tracer (see Table 1 (Table l) , which agrees very well (considering analytical/ experimental errors) with D, = 1.6 in the WM-185 experiment. The results obtained in this experiment indicate that Zr will be sigrvficantly extracted from the feed and will not be scrubbed from the organic phase with the 0.2 M_ HNO, solution. Consequently, significant quantities of the zirconium, as compared to the actinides, will report to the HAW stream. Promising methods for selectively scrubbing and/or masking Zr extraction in the processing flowsheet are currently under study at the ICPP and this problem is expected to be alleviated in the future.
The iron distributions obtained in the extraction contacts indicate some iron is extracted from the feed by the TRUEX solvent. However, iron is effectively scrubbed fiom the organic with 0.2 M HNO,. Indeed, essentially all detectable amounts of iron were removed in the first two scrubs such that iron distribution coefficients are meaningless for the third scrub and each successive contact.
Mercury was also effectively extracted f?om the feed by the TRUEX process. This behavior was anticipated and parallels results obtained in 203Hg tracer studies with simulated SBW [lo, 111. It was not anticipated that Hg would be removed from the organic during the scrubs since previous studies indicate mercury can only be back extracted from the TRUEX solvent with substantially higher nitric acid concentrations (2 5 &j HNO,) or with sodium carbonate solutions [lo, 111.
It is important to note that the percent recoveries for most of the species examined were exceptionally close to 100% despite potential losses to the precipitate formed in the first oxalate strip contact, Stl . The primary exception was americium, and the low percent recovery is attributed to the formation of solid Am2(C,04), precipitate [ 121, as opposed to americium being selectively carried out of solution with the bulk precipitate. The reasonable recoveries for the other species indicate the experimental methods and procedures, including the use of material balances to determine organic phase concentrations, were adequate. This lends a great deal of confidence to the experimental results. Figure 2 indicates the series of batch contacts used in the solvent loading and stripping experiment. The organic solvent was contacted two consecutive times with fkesh WM-185 to heady load the solvent with the extractable species. Note that the organic to aqueous phase ratio in the second extraction contact was O:A = 69 mL/ 55 mL = 1.255 since an insuf3icient amount of the WM-185 feed was readily available at the time the second experiment was performed. The organic r&ate fiom the second extraction was contacted three successive times with 0.2 M HNO, to scrub acid and co-extracted matrix materials fiom the organic phase.
Solvent Loading & Stripping Experiment
The scrubbed organic was split into two separate fractions to test two different strip solutions for back-extraction of the actinides and other metals. One of the fiactions was stripped with 0.25 M TUCS in three consecutive contacts. The second aliquot of the scrubbed organic was stripped three times with 0.01 M HNO, solution. Finally, each stripped organic was subjected to 0.25 M Na&O, solvent washes as a cleanup step and to remove final traces of acid and metals that may have remained in the stripped organic phase.
The results of this stripping experiment are presented in Table 4 in terms of the measured distribution coefficients for the pertinent metals extracted by the TRUEX solvent. Aluminum analyses were also performed on the aqueous railhates fiom the extraction contacts. As anticipated, Al was not measurably extracted fiom the WM-185 feed by the " E X solvent. Parallel to the results from the first test, the extraction contacts indicate reasonably large distribution coefficients for the gross a activity. The gross a distributions for the extractions compare remarkably well with that for El in the first experiment. Plutonium, the largest contributor to the a activity in the WM-185 waste, was quantitatively removed in both extraction contacts as indicated by the extremely large distribution coefficients. Residual Pu-238 and Pu-239 in the aqueous raflinates were very near the analytical detection limits. Americium, one of the more difEicult actinides to exact, also exhibited a substantial distribution coefficient in both extraction contacts, The extraction distribution coefficients for total uranium are listed as greater than numbers since the U concentrations in the aqueous raflinates were below analytical detection limits, indicating si@cant extraction of uranium fiom the feed. The Np-237 distributions were quite large, and in accord with the first experiment, this is possibly due to partitioning of Np between the (V),(IV), and (VI) oxidation states. It is important to realize the differences in the experimental flowsheets when comparing the results from the first experiment (Table 3) to those of the second test. Only the first extraction in Table 3 is directly comparable to the extractions in the solvent loading experiment. The extraction results between the two experiments are generally consist with one another and are largely as expected based on prior tests with SBW simulant as discussed in conjunction with Table 1. The actinide distribution coefficients for the various scrub contacts with 0.2 M HNO, are sufficiently high to indicate losses and subsequent return to the extraction section will be minimal. The scrub distributions for each of the actinides compare remarkably well with their respective values determined in the first experiment. The scrub methodology was precisely the same in the two tests; therefore, the excellent agreement of this data provides confidence in the experimental and analytical techniques used in this study.
The zirconium data in Table 4 are consistent with the results of the first experiment and indicate Zr was effectively extracted fiom the feed by the TRUEX process solvent. Zirconium in the aqueous extraction raflinates was consistently below analytical detection limits, resulting in indeterminate (greater than) distribution coefficients. Zirconium was not effectively scrubbed with 0.2 M HNO,. Distribution coefficients for mercury, known to extract from SBW with the TRUEX solvent, were determined only for the extraction contacts in the second experiment. These distributions, although not listed in Table 4 , were DHg = 1.8 and D, = 1.2 in the first and second extractions, respectively. The distributions fiom the first extraction contacts (El) in the two experiments are in excellent agreement.
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The strip contacts with 0.25 M TUCS indicate this solution was extremely effective at back extracting the actinides and zirconium fiom the TRUEX solvent. In fact, virtually all detectable traces of the actinides and Zr were removed in the first strip contact with TUCS, and were certainly gone after the second contact. Distributions in the third strip (St3) and the two carbonate washes (Wl, W2) could not be determined due to the excellent efficiency of the TUCS solution to back extract the actinides, or were meaningless due to the lack of activity in the aqueous phase. Consequently, data for these contacts are not included in Table 3 . The data supports the use of HEDPA (the TUCS compound used in this study) as a gross actinide stripping reagent, one of the few known, which will simultaneously back extract all of the actinides fiom the loaded TRUEX solvent. The distribution coefficients determined in the TUCS contacts suggest an indirect analytical method of determining actinide and metal concentrations in the organic phase for use in future experiments where organic phase concentrations cannot be directly measured. The organic samples (fiom any of the contacts) would be contacted with 0.25 & J TUCS solution at high aqueous to organic phase ratios (A:O 2 9, the TUCS reagent decomposed to phosphoric acid, and the resulting aqueous analysis performed by standard analytical methods. The applicability of such a method is currently being investigated at the ICPP.
The strip contacts with 0.01 M €€NO3 indicate this solution will strip Am, Np, and Zr fiom the loaded organic. The Pu and U, as anticipated, are not effectively stripped fkom the organic with dilute nitric acid. The distribution coefficients for gross cc in the dilute acid strips compare reasonably well with the corresponding Pu distributions. This is not surprising since much of the a activity in the feed is associated with Pu.
The organic from the dilute nitric acid strips was contacted twice with 0.25 M NqC03 to test solvent washing. Sodium carbonate is effective at removing the acidic impurities or degradation products and final traces of U fiom the solvent. The distribution coefficients for U and Pu support this conclusion. The final detectable traces of U, PU, and gross a activity where back extracted fiom the organic in the first carbonate contact (W3); consequently, data for the final wash contact (W4) is not listed in Table 4 .
With the exception of U, the percent recovery for each of the species listed in Table 4 is quit reasonable considering the organic phase concentrations were determined by material balance and not directly measured. The low recovery of uranim is attributed to the uncertainty of the aqueous r e a t e analyses in the first five contacts, all of which were below the analytical detection limits. The excellent percent recoveries lend confidence to the measured distribution coefficients and experimental methodology which produced them.
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CONCLUSIONS
The primary purpose of this test was to verify the applicability of the TRLEX process, as developed with simulants and radioactive tracers, to actual radioactive waste samples. The results obtained in this test closely parallel those obtained with simulated SBW and radioactive tracers. The measured distribution coefficients for the actinides and co-extracted matrix metals Zr, Fey and Hg, were consistent with these previous studies, with the exception of Np. The rather large neptunium distribution in the extraction contacts is currently attributed to Np oxidation state partitioning. The agreement between the real and simulated wastes lend a great deal of confidence to the use of simulated SBW in future process flowsheet development work.
The results of this test indicate the TRUEX process is certainly amenable to ICPP SBW and w i l l easily reduce the actinide activity to well below the 10 nCi/g Class A TRU limit. Iron can be readily scrubbed from the organic with a 0.2 M HN03 solution; however, Zr is not readily scrubbed from the organic with this nitric acid solution. Alternative methods for selectively scrubbing Zr fkom the organic, or masking its extraction, will be required ifthe Zr concentrations in the high level waste form (glass or glass ceramic) present a problem.
The TUCS reagent was the most effective of the stripping solutions tested for backextraction of actinides and matrix metds, except Hg, remaining the scrubbed TRUEX solvent. However, there are some concerns that glass waste forms have a limited capacity for phosphorus loading. Such concern could-mitigate the advantages of the TUCS stripping reagent. Oxalate solutions, when used as stripping reagents, result in the formation of precipitates which are undesirable in solvent extraction equipment. Dilute nitric acid is ineffective at stripping Pu and U fkom the TRWX solvent.
These results support the applicability of the suggested baseline TRUEX flowsheet for the treatment of ICPP SBW. This flowsheet has already been tested on a continuous, countercurrent basis with simulated SBW in the centrifugal contactor mockup at the ICPP. Results 
